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We study the Glashow resonance ν¯e + e
− → W− → hadrons at 6.3 PeV as diagnostic of the
production processes of ultra-high energy neutrinos. The focus lies on describing the physics of
neutrino production from pion decay as accurate as possible by including the kinematics of weak
decays and Monte Carlo simulations of pp and pγ interactions. We discuss optically thick (to
photohadronic interactions) sources, sources of cosmic ray nuclei, and muon damped sources. Even in
the proposed upgrade IceCube-Gen2, a discrimination of scenarios such as pp versus pγ is extremely
challenging under realistic assumptions. Nonetheless, the Glashow resonance can serve as a smoking
gun signature of neutrino production from photohadronic (Aγ) interactions of heavier nuclei, as the
expected Glashow event rate exceeds that of pp interactions. We finally quantify the exposures for
which the non-observation of Glashow events exerts pressure on certain scenarios.
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I. INTRODUCTION
The evidence for high-energy neutrinos from space in
the IceCube experiment [1] has opened a new window
into the Universe from the perspective of a different mes-
senger. While the origin of these neutrinos is still de-
bated, it seems unlikely that a single class of conven-
tional sources, such as Active Galactic Nuclei (AGN)
blazars [2, 3], Gamma-Ray Bursts (GRBs) [4, 5], or star-
burst galaxies [6, 7] can power the observed diffuse flux
on their own, unless the sources are hidden, such as colli-
mated jets inside stars [8]. It therefore is also important
to study conceptual arguments, related to the spectral
shape (such as the power law index), see e.g. Refs. [9–
11] for different data analyses, and the flavor composi-
tion [10] of astrophysical neutrinos. Other currently de-
bated issues are the possible contribution from a (possi-
bly softer) galactic component especially in the Southern
hemisphere [12, 13], and a possible hardening of the spec-
trum at high energies [3].
Since the current information is inclusive, new generic
diagnostic tools are needed to identify the source class.
One example are damped muons in the pion decay
chain [14, 15], which is typically found for strong mag-
netic fields B & 103 G [16, 17]. Another example, which
we focus on in this study, is the Glashow resonance event
rate as an indicator for the electron antineutrino contri-
bution to the total flux. The Glashow resonance com-
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2monly refers to resonant scattering ν¯e + e
− → W− →
anything at Eν ' 6.3 PeV [18, 19]. Note that this
process is unique for ν¯e, as the interaction rate of νe,
νµ, ντ , ν¯µ, ν¯τ with electrons is negligible compared
to interactions with nucleons. The Glashow resonance
has been widely studied from the viewpoint of the pre-
dicted event rate and discrimination power for pp ver-
sus pγ interactions [16, 20–29], which are generic source
classes indicative for e.g. starburst galaxies (pp) versus
AGNs/GRBs (pγ). While the discrimination between pp
and pγ sources seems unlikely in the current IceCube ex-
periment, there are plans for a volume upgrade IceCube-
Gen2 [30] and a large experiment in sea water, called
KM3NeT-ARCA [31], which may be capable to perform
this measurement.
In this study, we evaluate realistic subtleties in the
cosmic production of neutrino flavor fluxes to determine
the power of Glashow events at 6.3 PeV to discriminate
among the most popular source models. We describe
the current (simplified) paradigms for neutrino produc-
tion, propagation, and (Glashow) detection in Section II.
In Section III, we include the kinematics of the sec-
ondary decays, and we test the production paradigms us-
ing hadronic Monte Carlo event generators for pp and pγ
interactions. Section IV discusses optically thick sources,
sources of heavier nuclei, and damped muon sources. We
finally interpret the non-observation of Glashow events in
Section V and conclude in Section VI. Details on spec-
trum weighted moments of neutrinos and pions, the effect
of K mesons, and the cross check with IceCube effective
areas can be found in the Appendix.
II. FLAVOR AND
NEUTRINO-ANTINEUTRINO COMPOSITION
Here we discuss the flavor and neutrino-antineutrino
composition of the astrophysical neutrinos under some-
what idealized conditions, which correspond to the state-
of-the-art in a large portion of the current literature, and
we present our methods. We split this discussion into
source, propagation, detection, and methods.
A. Composition at the Source
The signal for ν¯e at the Glashow resonance, normalized
to the total ν+ ν¯ flux, can be used to differentiate among
the main primary mechanisms for neutrino-producing in-
teractions in optically thin sources of cosmic rays [20].
For example, in idealized pγ interactions, the process
p+ γ → ∆+ →
{
pi+ + n 1/3 of all cases
pi0 + p 2/3 of all cases
(1)
will lead, after pion decay
pi+ → µ+ + νµ ,
µ+ → e+ + νe + ν¯µ , (2)
to a neutrino population with Nνµ = Nν¯µ = Nνe 
Nν¯e (referred to as the “pi
+ mode”). For the pp collision
mechanism, a nearly isotopically neutral mix of pions is
expected from isospin invariance
p + p→

pi+ + anything 1/3 of all cases
pi− + anything 1/3 of all cases
pi0 + anything 1/3 of all cases
. (3)
As a result, a neutrino population with the ratio 2Nνµ =
2Nν¯µ = Nνe = Nν¯e is expected (referred to as the “pi
±
mode”). Note that these estimates do not include the
kinematics of pion and muon decays.
Other popular source models include muon damping,
which means that the muons lose energy by synchrotron
or adiabatic losses faster than they can decay. These
modes are pp → pi± pairs → νµ, ν¯µ only, referred to
as the “damped µ± mode”, and pγ → pi+ → νµ only,
referred to as the “damped µ+ mode”. We show the fla-
vor composition at the source for the popular production
modes in the second column of Tab. I, and we defer the
discussion of the muon damping in greater detail to a
later section.
Another production scenario is neutron decay into a
pure ν¯e beam [32], which is outside the notion of the
pion decay scenario discussed here. The large value of
Earthly ν¯e in this case implies a large rate of Glashow
events, that are not observed. Although neutrons are
produced in all hadronic interactions (pp and pγ), the
anti-neutrino from its decay receives kinematically a very
small energy fraction. These energies are typically much
smaller than the Glashow energy, see Ref. [16]. In the
following we will not consider pure neutron decay any
further.
All in all, the approximate results presented in this
section must be treated as suggestive. It is the purpose
of this paper to confront idealized fluxes with a more
realistic modeling. For example, it has been shown in
Refs. [16, 33], that multi-pion contributions can amelio-
rate the Glashow event rate difference between these two
models. For certain source parameters, the “contami-
nation” from multi-pion processes can be large [34]. In
addition, muon damping at the sources is possible; it
may be complete damping or partial (incomplete). Fi-
nally, there is the effect of kaon production and decay
on source neutrino flavor ratios; we show below that the
effect is small in the energy range of interest [16, 33].
B. Propagation Effects
Here we discuss the propagation from source to de-
tector from flavor mixing, using the idealized assump-
tions for the neutrino production described above, and
tri-bimaximal values for the neutrino mixing angles; we
refer to the mixing effects with the prefix “TBM”. Note
that in Section III and later, we will however include the
3TABLE I: Neutrino flavor composition at the source and fraction of ν¯e in total neutrino flux at Earth (corresponding to the
relative strength of the Glashow resonance) for four popular astrophysical source models. Neutrinos and antineutrinos are
shown separately, when they differ. Here the TBM approximation for flavor mixing is used, and the kinematics of pion and
muon decays are not included.
Source flavor composition Earthly flavor composition Earthly ν¯e fraction ξ
f
ν¯e
(φe : φµ : φτ ) (φ
f
e : φ
f
µ : φ
f
τ ) in cosmic neutrino flux
pp→ pi± pairs (1:2:0) (1:1:1) 9/54 = 17%
w/ damped µ± (0:1:0) (4:7:7) 6/54 = 11%
ν ν¯ ν ν¯
pγ → pi+ only (1:1:0) (0:1:0) (14:11:11) (4:7:7) 4/54 = 7.4%
w/ damped µ+ (0:1:0) (0:0:0) (4:7:7) (0:0:0) 0
kinematics of muon and pion decays to define our ideal
pp and ideal pγ sources.
We follow Refs. [35, 36] here and take the tri-bimaximal
mixing model [37, 38] as a good approximation for the fla-
vor mixing. Then, the evolution να → νβ , with α and β
any elements of the three-flavor set {e, µ, τ}, is described
in terms of the PMNS matrix U by the symmetric prop-
agation matrix P. Let the general flavor composition at
the source be denoted by (φe : φµ : φτ ) and at the de-
tector by (φfe : φ
f
µ : φ
f
τ ), representing the initial and final
neutrino fluxes, where this composition may describe the
sum over neutrinos and antineutrinos, or neutrinos and
antineutrinos separately. The conversion from initial fla-
vor basis to propagating mass basis and back to flavor
basis at Earth is affected by the transition amplitude
Aα→β =
∑
j Uαje
−iEνjLUjβ . Over large astronomical
distances, the oscillating interference terms average out,
and one obtains a (3-flavor×3-flavor) probability matrix
P(α→ β) =
∑
j
|Uαj |2|Ujβ |2 , relating ~φf = P~φ . (4)
In the TBM model, the probability elements are given by
PTBM(α→ β) = 1
18
 10 4 44 7 7
4 7 7
 . (5)
The identical nature of the 2nd and 3rd rows/columns of
PTBM reflects the µ-τ symmetry, which results from the
TBM assumption of a maximal θ32 and zero θ13. The
symmetry means that muon and tau neutrinos arrive at
Earth with the same equilibrated probability regardless
of their original ratio, i.e., φfµ = φ
f
τ . The Earthly flavor
composition for the popular production scenarios can be
found in the third column of Tab. I.
Note that tau neutrinos are not expected at the source
in the pion production scenarios, i.e., φτ = 0, because
the charged partner τ± has a mass much larger than the
pion mass. As a result, we obtain [35, 36](
φfe
φf6e
)
= P
(2×2)
TBM
(
φe
φµ
)
,P
(2×2)
TBM =
1
9
(
5 2
4 7
)
(6)
and the Earthly flux φf6e evenly distributed between νµ
and ντ .
The rate of resonant Glashow events is directly pro-
portional to the ν¯e content in the neutrino flux at the de-
tector, whereas the rate of neighboring continuum events
is proportional to the whole neutrino flux. It is there-
fore useful to introduce the quantity ξν¯` as the fraction
of antineutrinos of flavor ` at the source
ξν¯` ≡
φ¯`
φe + φµ + φe¯ + φµ¯
(7)
taking into account neutrinos and antineutrinos sepa-
rately, and assuming that φτ = φτ¯ = 0. The correspond-
ing quantity ξfν¯` at the detector includes flavor mixing,
i.e.,
ξfν¯` ≡
φf¯`
φfe + φ
f
µ + φ
f
τ + φ
f
e¯ + φ
f
µ¯ + φ
f
τ¯
=
φf¯`
φf3f
, (8)
where φf3f denotes the all-flavor flux. Similar quantities
can be defined for any flavor and polarity.
For the charged pion decay chains, we immediately find
from Eq. (6)
pi+ → e+νeνµν¯µ mix−→ ξfν¯e =
1
3
× 2
9
=
2
27
, (9)
pi− → e−ν¯eνµν¯µ mix−→ ξfν¯e =
1
3
×
(
5
9
+
2
9
)
=
7
27
.(10)
We observe from the ratio of the two processes that the
pi− decay chain yields 7/2 times more Earthly ν¯e than
the pi+ decay chain. From a different perspective, the
Glashow event rate from the pi+ decay chain is potentially
contaminated by pi− production (if present at the source),
namely ∼ 7/2 times the fraction pi−/pi+.
From Eq. (6) and Eq. (8), we find the generalization
ξfν¯e '
5
9
ξν¯e +
2
9
ξν¯µ (11)
for the TBM scenario. From this equation one can see
the importance of muon antineutrinos to correctly evalu-
ate the fraction of ν¯e after the oscillations. The Earthly
ν¯e fraction for the popular production scenarios can be
4found in the fourth column of Tab. I. To be more precise
in terms of the mixing angles, one can express [39]
ξfν¯e =
1
3
(ξν¯e + ξν¯µ) + P0(2ξν¯e − ξν¯µ) + P1ξν¯µ , (12)
in terms of the flavor composition at the source. This is
an improvement on the TBM approximation used before,
since it takes into account that the mixing angle θ13 6= 0.
Moreover it permits to add easily the uncertainties re-
lated to the oscillation parameters. The two parameters
in this formula are given by
P0 ' 0.109± 0.005
P1 ' 0.000± 0.029
for current data [40] and they represent an average be-
tween what is expected for normal and inverted mass
ordering. The uncertainty on ξfν¯e can be estimated by
adding the errors of the individual parameters in quadra-
ture, i.e.,
∆ξfν¯e '
√
(∆P0(2ξν¯e − ξν¯µ))2 + (∆P1ξν¯µ)2 . (13)
This is a simplified procedure that permits to include the
uncertainties due to oscillations in an analytical manner
and it should be sufficiently accurate for our purpose.
C. Glashow Event Rate
The signal obtained from the W− decay can either
be a cascade with deposited energy around 6.3 PeV
(hadronic), a cascade with a lower deposited energy (lep-
tonic), or a muon track with a lower energy (leptonic).
Since a leptonic event necessarily includes an energy loss
to an escaping neutrino, it cannot be distinguished from
a non-resonant event at a lower energy. Consequently,
we focus on the hadronic scenario. The resonant cross
section for ν¯e + e
− →W− → hadrons is
σRes(s) = 24pi Γ
2
W B(W
− → ν¯ee−) B(W− → had)×
(s/M2W )
(s−M2W )2 + (MWΓW )2
,
(14)
where MW is the W mass (80.4 GeV), ΓW is the W ’s
FWHM (2.1 GeV), and B(W− → ν¯ee−) and B(W− →
had) are W− branching ratios into the ν¯ee− (10.6%)
[roughly equal to the naive 1/(3 lepton channels + 3 col-
ors × 2 open quark channels)] and the hadronic states
(67.4%) [ (3× 2)/(3 + 3× 2)], respectively. At the peak,
one has
σpeakRes =
24piB(W− → ν¯ee−) B(W− → had)
M2W
= 3.4× 10−31 cm2 . (15)
Consequently, the resonant cross section may be written
as
σRes(s) =
[
Γ2W s
(s−M2W )2 + (MWΓW )2
]
σpeakRes . (16)
The W width is small compared to the W mass
(ΓW /MW = 2.6%), and the experimental resolution will
always exceed the W width by far. Thus, we can use the
“narrow width approximation” (NWA), which is simply
σRes(s) = piΓW s/MW σ
peak
Res δ(s−M2W ) . (17)
λν¯e ∼
1
ne σ
peak
Res
∼

110 km in mantle rock ,
310 km in ice .
(18)
The width in Eν , and therefore the bulk of the absorp-
tion, extends from 6.3 PeV to±(2ΓW )/MW Eν , the latter
equals to±0.3 PeV. This short mfp, traceable to the large
resonance cross section, tells us that the ν¯e absorption by
Earth matter at the Glashow energy of 6.3 PeV is consid-
erable. Using the Sagitta relationship between the depth
z of IceCube and the length of the horizontal burden h,
h =
√
2R⊕z, one finds an h of 113-160 km for the Ice-
Cube depth 1-2 km, well matched to the ν¯e mfp. The ab-
sence of significant overburden, the relatively short mfp
of Glashow ν¯e’s, and the large solid angle imply that the
Glashow events come mainly from horizontal directions.
The number of Glashow events can be calculated as
NG = 4pi × T ×
∫ ∞
0
ξfν¯eφ
f
3f A
G
eff(Eν) dEν , (19)
where the all-flavor flux φf3f is in [GeV
−1 cm−2 s−1 sr−1],
T is the observation time, and AGeff is the neutrino effec-
tive area for the Glashow events. IceCube has published
effective areas for e, µ and τ flavors, averaged over the
neutrino and antineutrino contributions. From these one
may obtain the effective area for resonance production
of ν¯e by A
G
eff = 2 (A
e
eff − Aτeff), since the νe and ντ have
similar effective areas except for the ν¯e resonant contribu-
tion; the full explanation is reported in Appendix C. Note
that the effective area includes the absorption of upgoing
events; for details, see also Appendix C. The Glashow
event rate can be interpreted as Poissonian distributed
model indicator, where we assume that the energy of the
hadronic cascade produced by the decay of the W− bo-
son is entirely detectable, i.e., the energy reconstruction
is 100% efficient and basically no contamination from or-
dinary deep inelastic scattering processes is expected.
The three-flavor neutrino flux φf3f at the detector is
usually given in the form
φf3f = φ0 × 10−18
1
GeV cm2 s sr
(
E
100 TeV
)−α
(20)
in terms of two parameters: φ0 is the normalization of
the flux at E0 = 100 TeV and α > 0 is the differen-
tial spectral index. We will give the values of φ0 of the
different datasets in the following.
5Since the flux of neutrinos is fitted by a power law and
the Glashow resonance cross section is approximately a
Dirac δ-function, it is possible to derive a useful analyti-
cal expression for the expected number of events NG as
NG ∝
∫ ∞
0
(
E
E0
)−α
δ(E − E∗) dE
=
(
E∗
E0
)−α
= e−α log(E
∗/E0) ,
where E∗ = 6.32 PeV. We find numerically, around the
Glashow resonance,
NG ' ξν¯e × φ0 × Texp × 1.071× exp
(
−α− 2
0.244
)
, (21)
where Texp is the exposure in units of years using the
present effective area of the completed IceCube detec-
tor provided in Ref. [41]. This means, one year of IC86
operation corresponds to Texp = 1, and at present, the
exposure can be estimated to be Texp ' 4. We refer to
Texp as “IC86 equivalent exposure” in the following.
D. Methods
Using the “IC86 equivalent exposure” Texp in Eq. (21),
we evaluate the expected number of events and their un-
certainties (assumed to be statistics-limited). This proce-
dure allows to extrapolate our results easily to the next-
generation detectors, such as IceCube-Gen2. Indeed this
detector should have an exposure from 5 to 12 times
greater than IC86 (see Fig. 10 of Ref. [30]), which means
that about 50-120 years of IC86 equivalent exposure can
be accumulated after ten years of Gen2 operation. Note
that the precise exposure will depend on the currently
ongoing detector optimization; we therefore show this
range in our figures. Moreover, note that the required
exposures for different spectral indices can be found by
using Eq. (21), but the normalization φ0 has to be known;
see e.g. Fig. 1 of Ref. [10] for the correlation between the
spectral index and the normalization.
The Through-going muon analysis indicates a spectral
index α ' 2 [9, 11]. Under the hypothesis of the pion de-
cay chain, which approximately gives flavor equipartition
after flavor mixing, one obtains the all-flavor flux by mul-
tiplying the muon neutrino flux by a factor three. Since
the spectral index slightly changes at each analysis we
assume α = 2, that is also expected from simplest shock
acceleration of the primaries. From Fig. 6 of Ref. [11] it
is possible to estimate the all flavor normalization at 100
TeV of the φνµ + φν¯µ flux for α = 2, which is φ0 ' 2. In
this case the expected number of events are about 0.35
and 0.17 per year for the reference pp and pγ scenar-
ios, respectively. Different analyses of the astrophysical
neutrinos, however, yield different results.
Using the best-fit of the high-energy starting events
(HESE) [10], one finds φ0 = 6.7 and α = 2.5. Here the
expected number of Glashow resonance events is reduced
by a factor ' 2.5, which can be obtained from Eq. (21).
In the figures of this study we always use the hard flux
obtained from the Through-going muon events, with a
spectral index α ' 2. Note that the hard spectrum, sug-
gested by Through-going muons, is in contradiction with
the softer spectrum suggested by the global analysis of
HESE. It is plausible that at low energy a Galactic com-
ponent, mainly seen from the Southern hemisphere due
to the position of the Earth in the Galaxy, can increase
the spectral index up to the observed E−2.5, whereas at
high energy, the extragalactic component is predominant
and the spectrum becomes harder ∼ E−2 [12, 13]. More-
over, the E−2 spectrum is perfectly compatible with the
current observation of three events above 1 PeV, and a
spectral hardening at higher energies is currently investi-
gated by the IceCube collaboration [3]. We will in some
cases also refer to the HESE best-fit flux for complete-
ness. Note again that the required IC86 equivalent ex-
posure can be easily re-scaled for different datasets using
Eq. (21).
In order to study different scenarios, we will typically
assume that the spectral index follows observations, but
we take the flavor and neutrino-antineutrino composi-
tions at the source from specific model predictions. From
the model perspective, this procedure is strictly speak-
ing inconsistent, as one would like to describe (fit) spec-
trum and flavor composition at the same time. On the
other hand, the pion spectrum in photohadronic mod-
els depends on the shape of the target photon spectrum.
Therefore, in general one can not expect a simple power
law that can be easily compared to existing experimen-
tal results. We nevertheless selected examples where the
spectral shape matches the characteristics of available
data, such that they can be compared with certain source
“prototypes”. For example, sources with strong magnetic
fields will suffer from muon damping at the highest ener-
gies, and sources with high photon densities from optical
thickness to photohadronic interactions.
Since viable models exist for Gamma-Ray Bursts
(GRBs) which can predict the flavor composition and
neutrino-antineutrino composition, we have chosen these
in some cases. Although long-duration GRBs are ruled
out as dominant contribution to the observed diffuse
flux [4], low-luminosity or hidden GRBs are possible can-
didates [42–44]. In addition, we expect similar charac-
teristics for other event classes, such as tidal disruption
events [45, 46].
III. RESULTS FOR STANDARD SCENARIOS
This section contains the results for the ideal pp and pγ
scenarios, which include realistic decay kinematics of the
pion and muon decays and the mixing angles for flavor
mixing. We also compare with results from Monte Carlo
simulations of charged pion production.
6TABLE II: Flavor composition at the source for our reference
and ideal pp and pγ scenarios for different spectral indices α of
the pions. Here “reference” assumes that the neutrino flavors
are populated according to Eqs. (1) to (3) without taking into
account the secondary decay kinematics, whereas“ideal” refers
to taking into account the pion/muon decay kinematics for
power law spectra (but no deviations from the reference pi+/pi−
ratio at the source).
Production α ξνe ξνµ ξντ ξ¯νe ξ¯νµ ξ¯ντ
Reference pp any 0.167 0.333 0 0.167 0.333 0
Ideal pp 2.0 0.175 0.325 0 0.175 0.325 0
Ideal pp 2.3 0.179 0.321 0 0.179 0.321 0
Ideal pp 2.6 0.183 0.317 0 0.183 0.317 0
Reference pγ any 0.333 0.333 0 0 0.333 0
Ideal pγ 2.0 0.350 0.290 0 0 0.360 0
Ideal pγ 2.3 0.358 0.273 0 0 0.369 0
Ideal pγ 2.6 0.366 0.256 0 0 0.378 0
A. Ideal scenarios for charged pion production
In order to define our ideal pp and ideal pγ scenarios we
continue to use pion production according to Eq. (1) and
Eq. (3). However, in addition to the reference models,
we take into account the energy distributions from pion
and muon decays assuming a power law pion spectrum,
and we include realistic flavor mixing using the mixing
angles in Ref. [40]. Note that the power law index of pi-
ons follows that of the protons in the pp case, while it
depends on the target photon spectrum for pγ interac-
tions in general. For power law spectra, we can quantify
the effect of the pion and muon decay kinematics with
spectrum weighted moments, so-called Z factors [47], see
Appendix A. Since the energy distribution of the three
daughter neutrinos is not the same because the νµ are
produced in two body decays, whereas the other neutri-
nos are produced in three body decays, we expect small
deviations from the above reference compositions. The
results for the ideal pp and pγ scenarios are shown in
Tab. II as a function of the spectral index (of the pions)
α. From the table we notice that especially for softer
spectral indices the flavor composition of ideal pγ sources
differs from the reference case by up to 30% (for ξνµ) due
to kinematics.
Let us now introduce our concept of exposure using
very simple examples, and consider the ideal pp and pγ
cases only. We show in Fig. 1 the expected number of
Glashow events in the ideal scenarios as a function of
the exposure, where the bands illustrate the statistical
(Poissonian) error δs in combination with the error on the
oscillation parameters δp at the 90% C.L. The error from
flavor mixing is small presently (about 10%) and will
become negligible with improving oscillation parameters
in the next generation of detectors. We assume that their
relative error scales ∝ 1/√T with exposure. The total
error δ is obtained as δ =
√
δ2s + δ
2
p.
In the left panel of Fig. 1, it is assumed that the true
source (data) is an ideal pp source. In that case, the
shaded region determines the error, and that region sep-
arates from the solid pγ curve for Texp & 30 (see vertical
line). This means that the ideal pγ source can be ex-
cluded after this exposure, which is clearly beyond IC86,
but well within the reach of IceCube-Gen2 (compare to
arrows). If the true source is an ideal pγ source, only
15 equivalent years of exposure are needed, as it is illus-
trated in the right panel of Fig. 1. We will use similar
representations for less trivial examples in the following,
where we typically show the shaded region for one curve
only. Note, however, the exposure required to discrimi-
nate among scenarios depends on the combination of the
true scenario at the source and the detected diffuse flux
at Earth.
B. Monte Carlo modeling of interactions
So far, we have included the kinematics of pion and
muon decays assuming power-law pion spectra, but we
have used the reference values for the pi−/pi+ ratio for
pp (ratio 1) and pγ (ratio 0) interactions from Eqs. (1)
and (3). As we demonstrate, this result is not what we
obtain from more realistic Monte Carlo simulations of the
interactions.
For pp interactions in astrophysical densities, the spec-
tral index of the secondary pions is equal to the projectile
spectrum, since there is no absorption by the surround-
ing medium and the target particles are non-relativistic.
The usual assumption of isospin symmetry, where pi+, pi−
and pi0 are produced in equal quantities, does not hold
in detailed Monte Carlo simulations when using high-
energy hadronic interaction models Sibyll 2.3 [48, 49],
Epos-lhc [50] and Qgsjet-II-04 [51]. These predictive
Monte Carlo models are widely used in simulations of cos-
mic ray interactions, minimum-bias and forward physics
studies at the LHC [52]. Due to the power-law spectrum
of the interacting nucleons, the secondary particles carry-
ing a large fraction of the projectile’s energy x & 0.3 (in
the projectile fragmentation zone), are important for the
computation.1 At typical energies of hundreds of PeV
in our present kinematics, these large momentum frac-
tions of secondaries mostly involve valence quark scat-
terings and their subsequent hadronization. Given u
valence quark dominance in protons, one naturally ex-
pects pi+/pi− > 1 in the forward phase-space. Depending
on the spectral index, that selects the relevant part of
the particle production phase-space, the Z factors for
pp collisions can substantially deviate from the predic-
tion pi−/pi+ ' 1, whereas the kinematics of the pion and
1 This can be seen by comparison with the integrand of Eq. (A1).
7FIG. 1: Expected number of Glashow events in the ideal pp and pγ scenarios as a function of the exposure for α = 2.0. The bands
represents the 90% C.L. interval from the statistical (Poissonian) uncertainty and the model uncertainties on the oscillation
parameters, assuming a true pp and pγ scenario in the left and right panel, respectively. The vertical lines indicate when the
other scenario can be excluded.
muon decays alleviates the problem somewhat. At the
end, the difference compared to the reference pp case is
up to 16% (α = 2), 22% (α = 2.3), and 30% (α = 2.6).
We discuss this issue in detail in Appendix A. Note that
in the following, we will only show the pp curve includ-
ing the Monte Carlo simulation, where the result hardly
depends on which of the three Monte Carlo event rate
generator is used. For a discussion of the effect of kaons,
which is however small, see Appendix B.
Photohadronic interactions do not only include the ∆-
resonance in Eq. (1), but also direct (t-channel) pion
production, higher resonances, and high-energy multi-
pion processes [53] – especially the latter lead to almost
pi−/pi+ ' 1; see e.g. Refs. [34, 54] for an illustration of the
individual contributions. Since these processes lead to pi−
production as well, an intrinsic contamination with pi− is
expected. This contamination depends on the target pho-
ton spectrum, and can lead to a ν¯e/νe ratio at the source
of about 25%-50% (AGNs/GRBs) to 100% (10 eV ther-
mal target photon spectrum); see Fig. 10 in Ref. [34].2
As an additional complication, since the pion spectrum
depends on the photon spectrum and is, in general, not
a simple power law, the pion and muon decays have in
this case been computed numerically taking into account
the re-distribution functions of the secondaries [55].
Here we pick two representative examples in the mid-
dle of extremes. In Ref. [16], the target photons are as-
sumed to be generated by the synchrotron radiation of
2 Note that the ν¯e alone are not sufficient to describe the impact on
the Glashow resonance, as ν¯µ may mix into ν¯e - as we discussed
earlier.
co-accelerated electrons, which is a typical assumption
for AGNs. This model has been fit to IceCube data in
Ref. [56], where it has been demonstrated that the indi-
cation for a cutoff at PeV energies can be interpreted in
terms of a limited maximal proton energy or strong mag-
netic field effects. We pick one benchmark point (TP8,
size of acceleration region R ' 1019 km, B ' 10−6 G)
from that scenario with a sufficiently large proton energy
to allow for Glashow resonant events, which at the same
time implies that photohadronic contaminations cannot
be avoided because of the high available center-of-mass
energies. The parameters for this benchmark correspond
to the scale of galaxy clusters, and the predicted flavor
composition (ξνe : ξνµ : ξντ : ξν¯e : ξν¯µ : ξν¯τ ) at the source
that is equal to (0.27 : 0.32 : 0 : 0.09 : 0.32 : 0). As
an alternative, we present a GRB example [17, 57] repre-
sentative for sources with stronger magnetic fields. Here
the parameters have been chosen not to be in the muon
damped regime at the Glashow resonance3 – a case which
we discuss below; the flavor composition at the source is
(0.27 : 0.31 : 0 : 0.09 : 0.33 : 0).
In Fig. 2 we show a comparison among the Monte
Carlo results and the ideal pγ case. The two pγ ex-
amples are, in spite of very different astrophysical envi-
3 The parameters are Lγ = 1051 erg s−1, variability timescale tv =
0.1 s, Lorentz factor Γ = 300, redshift z = 2, and a broken power
law photon spectrum with photon break εb = 1 keV in the shock
rest frame, first spectral index α = −1 and second spectral index
β = −2. A smaller value for tv would lead to spectral cooling
breaks dominated by adiabatic losses, and to muon cooling at
the Glashow resonance; see Fig. 5.
8FIG. 2: Same as Fig. 1 demonstrating the impact of con-
taminations from Monte Carlo event generators for the pion
production. The different curves show the ideal pγ case, pp
and pγ scenarios from Monte Carlo simulations of the inter-
actions with Sibyll, Epos-lhc or Qgsjet for pp (yielding
similar results), and Sophia for pγ. For the pγ interactions,
a GRB target photon spectrum with spectral indices −1 and
−2 and a break at 1 keV (shock rest frame) has been assumed
(red curve), as well as a synchrotron target photon spectrum
from co-accelerated electrons (cluster scales with R ' 1019 km,
B ' 10−6 G, green curve).
ronments, very similar in this case. The discrimination
from the pp sources requires about 120 equivalent years
of exposure, which is at the upper end of the expected
10yr exposure of IceCube-Gen2, and therefore challeng-
ing. In fact, one sees that the ideal pγ case can be ex-
cluded already after 81 equivalent years. Note, however,
that the pγ prediction depends on the model parameters,
and even within the model in Ref. [16] a wide range of
possibilities is predicted. The contamination from multi-
pion processes seems to depend on the maximal proton
energy, as higher proton energies allow for higher center-
of-mass energies, where multi-pion processes dominate.
The fact that we need to have neutrinos at 6.3 PeV im-
plies that the proton energy has to be at least around
120 PeV. We observe that sources which produce neutri-
nos with Glashow resonance energies tend to have large
multi-pion contributions, and the chosen contaminations
are representative. We will henceforth use the GRB case
as prototype for the pγ source.
IV. IMPACT OF SOURCE CONDITIONS
In this section we demonstrate how the source con-
ditions can affect the Glashow event rate, and whether
different scenarios can be discriminated based on the
Glashow resonance only. Examples are optically thick
(to photohadronic interactions) sources, sources of heav-
ier nuclei as primaries for the neutrino production, and
sources with strong magnetic fields leading to muon
damping at the Glashow resonance.
A. Optically thick sources
From Eq. (1), it is obvious that photohadronic in-
teractions will produce neutrons. If the source is op-
tically thick to photohadronic interactions, i.e., τpγ ≡
d′/λ′mfp  1, where d′ is the shell thickness (source size)
and λ′mfp the mean free path (shock rest frame), the
nucleons will interact multiple times before leaving the
source. The leading ∆-resonance for neutrons is isospin-
symmetric to protons
n+ γ → ∆0 →
{
pi− + p 1/3 of all cases
pi0 + n 2/3 of all cases
, (22)
which means that pi− are pre-dominantly produced in-
stead of pi+. In the optically thick case, one roughly
expects a neutron energy spectrum which is about 1/3
(branching ratio) times 0.8 (fraction of primary energy
deposited into the secondary nucleon) ' 30% that of the
inital proton spectrum, with a corresponding fraction of
pi− contamination at the highest energy.
We use the GRB example from the previous subsection
to demonstrate the effects of optical thickness, where τpγ
is evaluated at the maximal proton energy; see Ref. [58]
for a discussion on the impact of the optical thickness.
However, we update this simulation with an explicit
treatment of the coupled proton-neutron system, i.e.,
we solve the coupled time-dependent partial differential
equation system; details are presented in Refs. [59, 60].
An increasing optical thickness in this model is obtained
by increasing Lγ . Note that while the observed GRBs
may not be powering the diffuse neutrino flux, similar
conclusions will apply to AGNs and other optically thick
sources. We present the neutron to proton ratio as a func-
tion of (observed) energy in Fig. 3, right panel, for differ-
ent luminosities. In the saturation case (highest energy),
we find about the expected 30% neutron contamination.
In the left panel of Fig. 3, we show that the expected
Glashow event number, i.e., the fraction of ν¯e after mix-
ing, increases with optical thickness. This is supported
by the right panel of Fig. 3. Since this causes a signif-
icant contamination by pi−, the difference between the
pp and pγ mechanisms is reduced, making it harder to
distinguish among them. Not even an equivalent expo-
sure of 150 years is sufficient to distinguish between a pp
source and a pγ source in which a strong optical thickness
is present. The fraction of ν¯e is about 10% more in the
case of large optical thickness with respect to the stan-
dard pγ case. This is sufficient to reduce the difference
9FIG. 3: Left panel: expected number of Glashow events as a function of exposure for the GRB case for varying optical thickness
to photohadronic interactions τpγ . As the luminosity in the burst increases, the optical thickness increases as well, leading to an
increasing contamination by pi−. Right panel: neutron to proton ratio as a function of the energy for different luminosities. At
the Glashow energy (the vertical band indicates the corresponding primary energy), the ratio scales linearily with the luminosity,
saturating at approximately 30% for L = 1053 erg/s.
between pγ and pp mechanism and to significantly in-
crease the required exposure to distinguish among them;
this makes the discrimination from a pp source impossi-
ble, even with a next generation detector.
B. Heavy nuclei primaries
The nuclear composition of the primaries leading to
the observed neutrino flux is highly uncertain. For ex-
ample, the observed cosmic ray composition non-trivially
changes as a function of energy in the relevant primary
energy range, see e.g. Ref. [61]. Thus, neutrinos from
cosmic ray interactions in our galaxy would carry the
composition information as a spectral imprint [62]. Fur-
thermore, ultra-high energy cosmic ray observations by
Auger indicate a composition significantly heavier than
protons at the highest energies [63]. It is therefore pos-
sible that a part of the diffuse neutrino flux comes from
interactions of heavier nuclei.
We simulate the nuclear cascade in the GRB case fol-
lowing Ref. [59]. The implications for the Glashow reso-
nance are shown in Fig. 4 with injection of either protons,
28Si, or 56Fe only. We again choose parameters such that
muon damping does not occur at the Glashow resonance.
Note that the proton case is slightly different compared
to the standard pγ case, because it is obtained consid-
ering a GRB with a luminosity of L = 1052 erg/s and
t = 0.1 s.
As one important observation, nuclear disintegration of
heavy nuclei leads to emission of light fragments, mostly
protons and neutrons. These can contribute to the neu-
trino production similar to the primary nuclei [64]. The
ratio between neutrons and protons is approximately de-
termined by the neutron-proton ratio of the primary nu-
cleus, since at high energies neutrons don’t decay inside
the source, see right panel. Note that in the chosen ex-
ample the neutrino production is dominated by the sec-
ondary protons and neutrons [60], whereas for smaller
luminosities the photo-meson production off heavier nu-
clei can dominate. We therefore show in the right panel
of Fig. 4 the neutron to proton ratio produced by the
disintegration of nuclei. For iron and silicon, the ex-
pected signal is larger than in the pp scenario. This
is due to the fact that these isotopes are neutron-rich
(see right panel of Fig. 4) and, as a consequence, the
source contains more pi− from the process Eq. (22). This
is confirmed by the flavor composition at the source,
that is almost the same for iron and silicon, namely
(0.18 : 0.32 : 0 : 0.18 : 0.32 : 0). Obviously, in this
case there is no possibility to distinguish between pp and
Aγ even if the exposure is huge.
It is however very interesting to observe that the Aγ
scenarios can, almost independent of the composition (for
A ≥ 2), be ruled out after about 95 equivalent years for a
proton composition, what is potentially within the reach
of IceCube-Gen2. In the inverted case of an Aγ source,
the expected exposure to rule out protons is larger (124
equivalent years). If the source is known to have high
radiation densities such that photohadronic interactions
dominate, one can therefore use the Glashow resonance
as a smoking gun signature for primary nuclei. Note that
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FIG. 4: Left panel: expected number of Glashow events as a function of exposure in the GRB case for different injected primary
isotopes (pure composition assumed, photohadronic interactions). It is possible to exclude a source containing heavier isotopes
from a source containing protons after about 95 equivalent years (vertical dashed line). Right Panel: neutron to proton ratio
in the source (reached in the state steady from the disintegration of nuclei) as a function of energy for different injection
isotopes. At the typical nucleon energy responsible for Glashow events (∼ 20× 6.3 PeV, indicated by vertical band) the number
of interacting neutrons and protons is similar for iron and silicon. Here L = 1052 erg/s.
the scenario “Protons” in Fig. 4 is not exactly the same
as our standard pγ scenario, as the optical thickness is
slightly higher.
C. Muon damped sources
The proper lifetime of charged pions is by a factor of
85 shorter compared to muons. One can therefore con-
struct source classes in which muons lose a large frac-
tion of their energy (e.g. via synchrotron cooling) before
they can decay, whereas the pion flux is not yet atten-
uated [14–16, 33, 55, 65]. The damped µ+ mode in pγ
interactions can occur in sources with high radiation den-
sities and, consequently, high magnetic fields. Examples
for such astrophysical source candidates are GRBs, mi-
croquasars [65], and tidal disruption flares [45, 46].
In the damped µ+ mode, only νµ are produced at the
source by
pi+ → µ+νµ . (23)
This means that no antineutrinos are produced at all,
including no ν¯e’s. In the presence of a pi
− contamination,
one has
pi− → µ−ν¯µ mix−→ ξfν¯e =
2
9
(24)
and therefore a potentially large effect on the rate of the
Glashow events in the damped muon case.
We illustrate the impact of the muon damping in
Fig. 5, right panel, for two different parameter sets for
protons and iron.4 In this scenario, it is important to
evaluate the amount of pi−, because if there are no pi−,
no ν¯ will be produced and the signal expected at Glashow
resonance would be null. Anyway, in the above sections
we pointed out that pγ without pi− is not a realistic case,
so also in the muon damped case there will be a signifi-
cant fraction of ν¯e after flavor mixing. In Fig. 5, we can
see a comparison between the expected signal for pro-
tons and iron in a muon damped scenario. For protons
the situation is not so different from the ideal pγ sce-
nario, whereas for iron the situation is more similar to
the pp scenario, due to the intrinsic presence of neutrons
(i.e., pi−) at the source. Very interestingly, the relative
distance between Aγ and pγ hardly changes compared to
the full pion decay chain, and about 115 times the yearly
IC86 exposure is required to discriminate Aγ from pγ.
In that case, one would however need additional observ-
ables (such as the flavor composition) to establish the
muon damping (which is plausible for IceCube-Gen2, see
Fig. 3 in Ref. [66]).
4 In the GRB example in this work, the muon damping is actually
limited by adiabatic cooling. This is the reason why tv , to which
the adiabatic cooling rate is inversely proportional, is relevant
for the critical energy above which muon damping is important
– and it is not just sufficient to decrease the magnetic loading
(which is assumed to be in equipartition with the photon energy).
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FIG. 5: Left panel: expected number of Glashow events as a function of exposure in the GRB case (L = 1052 erg/s, tv = 0.01
s) for different isotopes with muon damping. Right panel: flavor ratio of electron neutrinos to muon neutrinos (without flavor
mixing) as a function of the energy showing the transition to the muon damped regime.
D. Scenario discrimination
We summarize the discrimination power among differ-
ent scenarios in terms of the IC86 equivalent exposure in
Tab. III for two spectral indices of the observed diffuse
flux. This table illustrates that (i) IC86 has absolutely
no chance to use the Glashow resonance for source di-
agnostics within ten years, (ii) IceCube-Gen2 can poten-
tially discriminate many scenarios if the observed neu-
trino spectrum is hard enough, and (iii) this result de-
pends very much on the spectral index of the observed
spectrum (compare number of bold entries in left and
right panels). Note again that there is a slight asymmetry
between theory and data. The table also suggests that
discrimination between the conventional pp and pγ sce-
narios including realistic assumptions for the source will
be extremely challenging, even for IceCube-Gen2, while
the discrimination between the pγ and Aγ production
mechanisms may actually be the most interesting appli-
cation (note that the pγ scenario here is slightly different
from Fig. 4).
V. INTERPRETATION OF
NON-OBSERVATION OF GLASHOW EVENTS
It is a frequently asked question what the non-
observation of Glashow events actually means, and when
conventional scenarios get under tension. From our fig-
ures one can extract the number of years needed to ex-
clude zero events by looking for the Texp value where the
low edge of the shaded region exceeds zero events. This
approach would be roughly consistent with the Feldman-
Cousins approach [67], where 2.44 events are needed to
obtain a 90% C.L. exclusion limit for the theory in case
of of zero detected events with zero background (here the
role of theory and data is exchanged).
We show in Tab. IV the required IC86 equivalent expo-
sure of IC86 to exclude zero events at the 90% confidence
level. In the table different spectral indices and normal-
izations (Global fit and Through-going muons) are used.
We find that the iron and pp scenario should produce a
non-zero event rate under the hypothesis of a hard spec-
trum, whereas the non-observation of events in IC86 be-
comes not indicative if the true spectrum is softer. Very
important information will therefore come from the bet-
ter determination of the diffuse spectrum. The only case
which IC86 alone can possibly exclude are heavier nu-
clei primaries for Aγ interactions within about 16 years
of operation even in the worst case assumption for the
spectral index.
VI. SUMMARY AND CONCLUSIONS
We have discussed the potential of Glashow resonant
events, sensitive to ν¯e at the detector, as a discriminator
among generic scenarios for the astrophysical neutrino
production. We have included realistic flavor mixing (and
its uncertainties), the kinematics of the secondary (muon,
pion) decays, and used Monte Carlo event generators to
model pp (Sibyll 2.3, Epos-lhc and Qgsjet-II-04) and
pγ (Sophia) interactions. We have also studied the opti-
cally thick (to photohadronic interactions) case, Aγ inter-
actions for neutrino production from nuclei, and damped
muon sources.
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TABLE III: IC86 equivalent exposure required to distinguish between different scenarios at the 90% C.L., considering two spectral
indices of the detected astrophysical neutrino flux. If the required exposure is greater than few hundred years, the symbol “∞” is
used. IceCube-Gen2 potentially accessible exposures are in bold (less than 120 equivalent years). With “Damped µ”, we denote
the proton damped µ scenario, whereas with “optically thick”, we refer to the pγ scenario (protons, not heavy nuclei) with
L = 1053 erg/s. Note that the pγ scenario is slightly different from the “Protons” scenario used in Fig. 4.
Data → α = 2
Theory ↓ Ideal pγ pγ pp Feγ Damped µ Opt. thick
Ideal pγ · 81 32 26 ∞ 55
pγ 53 · 156 93 144 ∞
pp 16 121 · ∞ 28 ∞
Feγ 12 66 ∞ · 20 122
Damped µ ∞ ∞ 48 37 · 104
Opt. thick 33 ∞ ∞ 162 72 ·
Data → α = 2.50
Theory ↓ Ideal pγ pγ pp Feγ Damped µ Opt. thick
Ideal pγ · ∞ 81 67 ∞ 140
pγ 130 · ∞ ∞ ∞ ∞
pp 39 ∞ · ∞ 70 ∞
Feγ 29 168 ∞ · 49 ∞
Damped µ ∞ ∞ 123 95 · ∞
Opt. thick 81 ∞ ∞ ∞ 182 ·
TABLE IV: Equivalent exposure of IC86 required to observe more than 0 events with a 90% of confidence level.
Dataset Spectral index Ideal pγ pγ pp Feγ Damped µ Optically thick
Global fit [10] α = 2.5 33 22 18 16 32 20
Through-going muons [9, 11] α ' 2 15 9.7 7.6 7.1 12 8.9
The often used reference assumption of equal produc-
tion of pi+ and pi− for pp sources only holds if the spectral
index ' 2, whereas softer spectra lead to significant devi-
ations of the electron antineutrino faction of up to 30%.
For pγ interactions, it is well known that multi-pion and
other processes lead to a contamination of pi−, leading
to sources more similar to pp than the reference produc-
tion scenario using the ∆-resonance approximation. We
have demonstrated that the discrimination between the
pp and pγ mechanisms in the source becomes extremely
challenging, even for IceCube-Gen2 and hard spectral in-
dices, if realistic assumptions for the neutrino production
are included.
As far as different source conditions are concerned, op-
tically thick (to photohadronic interactions) sources will
lead to an enhancement of neutrons in the source, which
will prohibit any discrimination power from pp. If heav-
ier (than protons) nuclei are the neutrino primaries, pho-
tohadronic Aγ interactions will produce similar results
to pp interactions with even somewhat larger Glashow
rates, as nuclei typically carry more neutrons than pro-
tons, enhancing the pi− production. Very interestingly,
the Glashow resonance can be used to discriminate be-
tween pγ and Aγ interactions, and may therefore be the
smoking gun signature for heavier nuclei in the sources.
This interpretation has to rely on the assumption that
the radiation density in the sources, typically known for
specific source classes (such as AGNs or GRBs) must be
high enough such that photohadronic interactions domi-
nate over pp or Ap interactions.
The discrimination power among different scenarios is
addressed in Tab. III, which clearly depends on the spec-
tral index of the diffuse neutrino flux. For α . 2, many
scenarios can be discriminated against each other with
IceCube-Gen2, while for α & 2.5 only few scenarios can
be discriminated. Finally, we have demonstrated that the
non-observation of Glashow resonance events will exert
pressure on almost all (including pγ) scenarios if α . 2,
which means that the observation of at least one Glashow
resonant event is likely after 10 years of operation of IC86
if the spectrum turns out to be hard (or there is a spectral
hardening). A non-observation in that case may be, for
example, interpreted as the effect of muon damping, and
may be indicative for a source class with strong magnetic
fields.
We have also demonstrated that the only case in which
the Glashow events rate is expected in IC86 within about
16 years – almost independent of the spectral index –
is the neutrino production off nuclei. Therefore, the
Glashow resonance is a uniquely different way to probe
the cosmic ray composition. For example, the non-
observation of Glashow events in IceCube contradicts a
primary composition of pure iron at an energy of about
7 EeV, meaning that a possible iron population of UHE-
CRs at that energy would come from different sources
than the neutrinos. This result hardly depends on the
cosmic ray composition for nuclei heavier than protons,
as neutrons in the nuclei are much more efficient in pro-
duction Glashow resonant events – as long as the neu-
trons do not have time to decay (which would enhance
the protons compared to the neutrons again). The neu-
trino diagnostics for neutrino production off heavy nuclei
may therefore be the key application of the Glashow res-
onance.
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We conclude that reasonable applications of the
Glashow resonance presumably lie beyond existing tech-
nology. However, we have demonstrated that IceCube-
Gen2 potentially has enough exposure to discriminate
among different scenarios. For photohadronic interac-
tions, the Glashow resonance may be a unique way to
discriminate protons from heavier nuclei in the sources.
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Appendix A: Neutrinos from hadronic interactions
A detailed modeling of hadronic interactions is possible
in a semi-analytical approach that has been widely used
for classical calculations of atmospheric lepton fluxes [68].
The approach is based on spectrum weighted moments,
so called Z factors, that represent evaluated source func-
tions in approximate solutions of the coupled cascade
equations for power-law spectra.
1. Pion production in hadronic interactions
A realistic description of inclusive pion production in
sources with power-law projectile spectra can be obtained
through the Z factors
Zppi+(α) =
∫ 1
0
xα−1
dN(pp→ pi+ + anything)
dx
dx
(A1)
where −α (α > 0) is the differential spectral index of
the projectiles (protons), x = Epi+/Ep and dNpi+/dx is
the inclusive pion spectrum that can be obtained from
Monte Carlo event generators or accelerator data. Ta-
TABLE V: Spectrum weighted moments of pions in pp inter-
actions.
α Zppi+ Zppi− Zppi0 Npi+/Npi−
2.0 0.157± 0.014 0.126± 0.017 0.142± 0.003 1.25± 0.20
2.3 0.076± 0.007 0.057± 0.004 0.054± 0.016 1.34± 0.15
2.6 0.042± 0.006 0.029± 0.002 0.031± 0.001 1.43± 0.24
ble V lists Z factors of the pions from pp interaction;
they are obtained from running the hadronic interaction
models Sibyll 2.3 [48, 49], Epos-lhc [50] and Qgsjet-
II-04 [51], where the target proton is assumed to be at
rest, while the projectile has an energy of 100 PeV (re-
member that the mean energy of a neutrino is about 5%
of the energy of the proton, so this is the right energy to
consider for the Glashow resonance). The values shown
in the table are the mean values obtained with the three
models and the uncertainties are the standard deviations.
A realistic estimate of the pion charge ratio is simply the
ratio of the corresponding Z factors. As listed in Tab. V,
the charge ratio pi+/pi− can be very different (∼ 25%-
45%) from the ideal condition pi+ ' pi− ' pi0, that is
often used in the treatment of pp interactions. It is im-
portant to take into account this effect in order to make a
precise estimation of the expected rate of Glashow events.
2. Neutrinos from pion decay
The energy distributions of neutrinos from pion de-
cay dN(pi → µν)/dx are reported in Ref. [69] and ana-
lytically obtained. Analogously to the approach in the
previous section, one can define the decay Z factor (see
Ref. [47], also for a comparison of the values), e.g.
Zpiν1µ(α) =
∫ 1
0
xα−1
dN(pi → µνµ)
dx
dx. (A2)
Branching ratios are included in the energy distributions.
For more complex production channels one has to sum
over the distributions of each decay channel times the
branching ratio. The values obtained for different spec-
tral indices are reported in Tab. VI. Using the Z factor
TABLE VI: Z factors of neutrinos from pion decay. Zpiν1µ
is the muon (anti)neutrino from pi decay. Zpiν2µ is the muon
(anti)neutrino and Zpiνe the electron (anti)neutrino from the
subsequent µ decay.
α Zpiν1µ Zpiν2µ Zpiνe
2.0 0.213 0.265 0.257
2.3 0.144 0.194 0.188
2.6 0.098 0.146 0.141
approach, one obtains the neutrino fluxes at the source
from
φ
e
= φp × Zppi+ × Zpiνe ,
φe¯ = φp × Zppi− × Zpiνe ,
φµ = φp × (Zppi+ × Zpiν1µ + Zppi− × Zpiν2µ),
φν¯µ = φp × (Zppi+ × Zpiν2µ + Zppi− × Zpiν1µ),
(A3)
where φp is the flux of protons, φ` is the flux of neutri-
nos of flavor `, Zpiν1µ is the muon neutrino (antineutrino)
from pi decay. Zpiν2µ is the muon neutrino (antineutrino)
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and Zpiνe the electron neutrino (antineutrino) from the
subsequent µ decay. Note that this solution assumes that
pions do not (re-)interact and that all pions and muons
decay. Additional pion production by secondary neu-
trons is verified to be negligible for the calculation of
flavor ratios. Let us remark that in the reference pp sce-
nario Zppi+ = Zppi− , whereas in the reference pγ scenario
Zppi− = 0; in the reference scenario it is therefore not
important to know the exact value of Zppi+ because it
cancels when the flavor ratio is calculated.
TABLE VII: Flavor composition at the source for a realis-
tic pp scenario and different spectral indices α. The value δ
represents the maximum deviation between the amount of neu-
trinos of a certain flavor and the simplified flavor composition
usually assumed, i.e. ( 1
6
: 2
6
: 0 : 1
6
: 2
6
: 0).
Source α ξνe ξνµ ξντ ξν¯e ξν¯µ ξν¯τ δ
pp 2.0 0.194 0.321 0 0.156 0.329 0 16%
pp 2.3 0.204 0.314 0 0.153 0.329 0 22%
pp 2.6 0.217 0.305 0 0.149 0.329 0 30%
In Tab. VII the flavor composition from a realistic pp
scenario is reported; the difference between the simplified
flavor composition usually adopted can reach 30% with
a high spectral index.
Appendix B: The effect of Kaons in the pp
mechanism
In this section the effect of kaons is analyzed, showing
that it is a second order effect that can be neglected. A
general discussion relative to the contribution of kaons in
pp interaction, not limited to the power law hypothesis,
is done in [70].
In the case of power law spectrum of primary pro-
tons and pp interaction, the contribution of kaons can
be added using the following formulae:
φ
e
= φp × [Zppi+ × Zpiνe + ZpK+(ZKνe + ZKµνe)]
φe¯ = φp × [Zppi− × Zpiνe + ZpK−(ZKνe + ZKµνe)]
φµ = φp × [Zppi+ × Zpiν1µ + Zppi− × Zpiν2µ
+ ZpK+ × ZKνµ + ZpK− × ZKµνµ ]
φµ¯ = φp × [Zppi+ × Zpiν2µ + Zppi− × Zpiν1µ
+ ZpK− × ZKνµ + ZpK+ × ZKµνµ ].
(B1)
The factors ZpK for α = 2.0, 2.3, 2.6 are
ZpK+ = (0.028, 0.014, 0.009)
ZpK− = (0.018, 0.008, 0.004).
(B2)
They are obtained by averaging over the values from
Sibyll 2.3, Epos-lhc and Qgsjet-II-04; an asymme-
try between the number of K+ and K− is present, as in
TABLE VIII: Flavor composition at the source in the pp sce-
nario scenario including the contribution from kaons. Here
δK represents the deviation from the Monte Carlo cases of
Tab. VII.
Source α ξνe ξνµ ξντ ξν¯e ξν¯µ ξν¯τ δK
pp 2.0 0.206 0.320 0 0.159 0.315 0 6%
pp 2.3 0.216 0.321 0 0.152 0.311 0 5%
pp 2.6 0.226 0.326 0 0.142 0.306 0 3%
the pions. The ZKν` and ZKµν` are given in Ref. [47] for
α = 2.0, 2.7, 3.7 and the values for α = 2.3 and α = 2.6
were found using a linear interpolation.
The flavor composition hardly changes for the pγ case,
in which we assume that no kaons are produced. This as-
sumption is justified because the pγ process happens near
the energy threshold of ∆+ production. In the case of pp
interactions, the flavor composition slightly changes, as
reported in Table VIII. Adding kaons increases the dif-
ference between the often used standard composition up
to the level of 35%. Anyway, the main contribution is
given by the asymmetry between the number of pi+ and
the number of pi−, that are not produced in equal num-
ber as usually assumed. The contribution of kaons is less
relevant than the contributions given by Z factors Zppi
and Zpiν . We find that from the Tab. VIII by looking at
δK that represents the deviation from the Monte Carlo
cases of Tab. VII including the contribution of kaons.
Appendix C: Cross check with IceCube effective
areas
A useful cross check of our calculation can be done by
directly using the IceCube effective areas for the evalu-
ation of the expected number of resonant events. The
effective areas are provided for each flavor as averages of
neutrino and antineutrino contributions.
The effective area of ντ (Aντ ) is simply related to that
of the deep inelastic scattering ADIS,
Aντ = ADIS
On the other side, the effective area of νe (Aνe) is the
sum of two contributions, one from deep inelastic scat-
tering and one from Glashow resonance (AG), following
the relation:
Aνe = ADIS +
1
2
AG
As remarked in Ref. [26] and in Fig. 7 of Ref. [1] the
effective area of νe contains an assumption on the fluxes
of νe and ν¯e; particularly it is considered that the flux of
νe and ν¯e is the same after oscillations. This justifies the
factor 12 , since only ν¯e interacts via Glashow resonance.
The only way to give effective areas that do not depend
15
on the production mechanism is to provide four differ-
ent effective areas (for νe, ν¯e, νµ, ντ ). Therefore the
Glashow resonance effective area is approximately given
by
AG(Eν) = 2 [Aνe(Eν)−Aντ (Eν)], (C1)
because at high energies the effective areas of νe and ντ
relative to the deep inelastic scattering are in good ap-
proximation equal each other. To evaluate the number
of resonant events N , we can use the general formula
NG = 4pi T
∫ ∞
0
ξfν¯e φ
f
3f ×AG(Eν) dEν , (C2)
where ξfν¯e depends on the production mechanism. This is
the method given by the IceCube collaboration in Ref. [1]
to correctly use the effective areas. Using the best fit
value of the Through-going muon analysis, the number
of events per year is equal to 0.52. The difference from
the 0.35 events that we found for the pp mechanism is
expected, since we only take into account the events that
give rise to a signal around 6.3 PeV. Further, the effective
areas do not contain information on the deposited energy
from the neutrino interaction process, so it is only possi-
ble to obtain the total number of events produced at the
Glashow resonance energy. However, about 34% of the
events can deposit energy in the range between 0 and 6.3
PeV and it is impossible to distinguish those events from
normal cascades by deep inelastic scattering. Only 64%
of the events can deposit all energy as hadronic shower
(see Ref. [26] for a detailed discussion). For this reason
the above number must be multiplied by the branching
ratio of W− → hadrons, resulting in our value of ∼ 0.35
events per year.
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